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R
ecently, there has been consider-
able interest in the growth of biaxi-
ally crystallographic textured films

on glass and flexible substrates because

these films can serve further as substrates

to grow biaxially textured superconductor

films as well as to grow biaxial semiconduc-

tor films, such as Si, CdTe, and Ge, for poten-

tial low-cost solar cell applications.1�13 The

idea was based on the facts that (a) the bi-

axially crystallographic textured films can

have comparable properties to their single-

crystalline counterparts, and (b) the glass or

flexible substrates, such as metal tapes and

polymer sheets, can be less costly than

single-crystalline wafers. To date, the biax-

ial films grown directly on the substrates

without preferred orientation can be ob-

tained by inclined substrate deposition

(also known as oblique angle deposition,

OAD) and ion bombardment

deposition.1�5,8,10,14�16 Using these tech-

niques, the films of a few materials, includ-

ing MgO,1�6 CaF2,17 and �-W,18 have so far

been prepared and reported to exhibit

good biaxial texture. However, films of

other materials prepared using the same

techniques have shown either no obvious

biaxial texture or a texture with large angu-

lar spread. Heteroepitaxy is an alternative

strategy to produce textured films that tar-

get specific applications. This approach has

been utilized to prepare textured YBa2Cu3Ox

films on MgO through multiple buffer

layers,1�6 Si on MgO with �-Al2O3 template

layer,10 CdTe on CaF2,11,12 and Ge on CaF2.13

There has been great interest in growing Si,

the major material in the semiconductor in-

dustry, as a textured film. It is also prefer-

able that the processing condition can be

low temperature and low cost. Although Si
has small lattice mismatch (�1%) with CaF2,
the growth through physical vapor deposi-
tion methods requires substrate tempera-
ture (�600 °C) higher than that which glass
substrates and CaF2 nanostructures can
withstand, in order to get good quality crys-
talline films. Aluminum-induced crystalliza-
tion has been found to reduce the process-
ing temperature substantially so that
crystalline Si film can be obtained at a tem-
perature below 600 °C.19�22 Meanwhile, Al
has been known for decades to grow epi-
taxially on single-crystalline Si and CaF2 sub-
strates in high quality despite their large lat-
tice mismatch (�25%).23�25 Therefore, by
the heteroepitaxy of the Al intermediate (or
catalyst) layer on the biaxially textured CaF2

nanostructures deposited on glass or flex-
ible substrates, one can potentially increase
the varieties of the materials to grow into
biaxially textured films from these non-
single-crystalline substrates. In this work,
we report the biaxially textured Al film
grown at room temperature on glass sub-
strate using CaF2 nanostructures as the
buffer layer and the application of this
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ABSTRACT We report the room temperature growth of biaxially textured Al films and further demonstrate

the use of these Al films in preparing single-crystalline Si layers on glass substrates. The formation of the biaxial

texture in Al film relies on the existence of the CaF2 buffer layer prepared using oblique angle physical vapor

deposition, which consists of single-crystalline nanorods with caps that are in the form of inverted nanopyramids.

The single-crystalline Si film was obtained upon crystallization of the amorphous Si film deposited through physical

evaporation on the biaxially textured Al film. This method of preparing single-crystalline Si film on glass substrate

is potentially attractive for being employed in silicon technology and in fabrication of low-cost electronic devices.

KEYWORDS: nanoepitaxy · silicon technology · oblique angle deposition · solid
phase transformation · physical vapor deposition · transmission electron microscopy
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Al film to prepare a near single-crystalline Si film

through crystallization at a temperature below 600 °C.

RESULTS AND DISCUSSION
Corning 2947 microscopy slides were used as sub-

strates in this study. The CaF2 buffer layer was ther-

mally evaporated onto the glass slides.17 It consists of

a nanorod array with a homoepitaxially grown capping

layer. The nanorod array is to ensure the nature of biax-

ial texture in the film, and the capping layer is to in-

crease the film continuity so that any further deposi-

tions can mostly stay on the film surface. As CaF2 is

stable under air atmosphere and there is no oxidation

on the surface, the substrate with this buffer layer can

be stored readily for a long time. Al films were depos-

ited subsequently in another chamber using electron

beam evaporation. There was no intentional heating on

the substrates during depositions.

The nature of the biaxial texture in the as-deposited

Al film was verified by X-ray diffraction (XRD) and pole

figure analysis. The sample deposited directly on glass

without the biaxial CaF2 buffer layer was also analyzed

for comparison. The XRD 2� plots integrated from two-

dimensional (2D) XRD diffraction patterns under the

same construction mechanism explained in ref 17 are

shown in Figure 1a. The XRD plots can be indexed as an

amorphous hump from the glass substrate, the strong

diffraction peak from the {111} planes of Al for both

samples, and the strong diffraction peak from {111}

planes of CaF2 for the sample with the CaF2 buffer layer.

The diffraction from other planes is weak, suggesting

the strong {111} out of plane texture for both Al films.

The constructed Al (111) pole figures for the films with

and without the CaF2 buffer layer are shown in Figure

1b,c, respectively. The pole intensity distribution is indi-

cated by the color bar in Figure 1d. In Figure 1b, the

pole figure of the Al film grown on the glass substrate

with CaF2 buffer layer reveals six high intensity concen-

tration regions. Four of them coincide with the angular

positions of the CaF2 (111) poles,17 indicating A-type

epitaxial growth of Al on CaF2. The other two are the

twins of (1̄11) and (111̄) poles with (111) as the mirror

plane. The twin pole of (11̄1) is missing in the X-ray pole

figure due to the sample shadowing on the incident or

diffracted X-ray beam. Thus, the film grown with CaF2

buffer layer is biaxially textured. In contrast, the film

grown directly on glass has a fiber texture, evidenced

by the (111) pole concentrated at the center and in a

ring, as shown in Figure 1c. We can also see from the

shape of individual pole concentration regions in Fig-

ure 1b that the out-of-plane crystallographic orienta-

tion is better confined than that of the in-plane orienta-

tions. It is estimated that the out-of-plane and in-plane

orientations have angular spreads of �5 and �15°, re-

spectively. The existence of twin poles is due to the pos-

sibilities of a B-type epitaxy of Al on CaF2 (i.e., a 180° ro-

tation relationship between the two) and twinning

within Al grains during growth.

Figure 1. X-ray diffraction analyses of Al films grown on glass substrates with and without a biaxially textured CaF2 buffer
layer: (a) 2� scan; (b) Al (111) pole figure of the film grown with a biaxially textured CaF2 buffer layer; (c) Al (111) pole fig-
ure of the film grown directly on glass. (d) Color bar indicating the pole concentration in (b) and (c).

Figure 2. Top view SEM images of Al films grown on glass substrate (a) with a biaxially textured CaF2 buffer layer and (b)
without the buffer layer.
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Figure 2a shows the scanning electron microscopy

(SEM) top view of the Al film. The projection of the

OAD flux direction for the CaF2 nanorod layer deposi-

tion is indicated by an arrow in the upper left corner of

Figure 2a. We observed a number of triangle-shaped

structures embedded in the film. These triangles orient

either nearly along the arrow’s direction (flux direction),

such as the one shown by the black-dashed triangle,

or in the opposite direction to the arrow, such as the

one shown by the white-dashed triangle. The rest of the

film is rough and contains a limited number of visible

boundaries and pinholes, as indicated in the image. For

comparison, the morphology of Al film grown directly

on glass is shown in Figure 2b, which consists of cellu-

lar grain structure. Most boundaries between these cel-

lular grains are wide; there are also holes in some junc-

tions of the triboundaries. Although a few triangle-

shaped structures can be observed (as indicated in the

image), they have no specific orientation. As expected,

Al directly grown on glass adapts a random nucleation

process; therefore, the neighboring grains usually have

very different crystallographic orientation and form

large angle grain boundaries. The significant morpho-

logical difference between the Al film grown on the

CaF2 buffer layer and the Al film grown directly on glass

is due to the crystallographic modification by the CaF2

buffer layer. It indicates that the CaF2 buffer layer, which

possesses a crystallographic biaxial texture, can induce

a preferred crystallographic orientation for the nucle-

ation and growth of the Al film on top of it.

Transmission electron microscopy (TEM) was carried
out to probe the details of Al epitaxial growth on the
CaF2 buffer layer. Figure 3a shows the cross section TEM
image. From the bottom up, they are OAD CaF2 nano-
rods, the CaF2 capping layer, and the Al film. Figure 3b is
the corresponding selected area diffraction pattern
(SADP) from this whole region. It consists of two dot-
array patterns: one is from CaF2, in which the unit cell is
connected by the dashed parallelogram, and the other
from Al is connected by the solid parallelogram. The
single-crystalline-like array pattern for Al confirmed the bi-
axial texture property of the film, consistent with the
XRD pole figure analysis. The coincidence of Al crystal ori-
entation with CaF2 indicates the epitaxial growth of Al
on CaF2. In Figure 3b, it can also be seen that the CaF2 dif-
fraction spots have larger angular spread compared to
those of Al, which are originated from the crystallographic
randomness at the initial stages of the OAD-grown CaF2

nanorods. The smaller angular spread in the Al diffraction
spots is the result of the Al film grown on the well-
established biaxial CaF2 capping layer. Extra spots be-
sides the dot-array pattern are sometimes observed due
to the presence of small crystals grown in other crystal ori-
entation, dislocation, and grain boundaries. The extra
spots in Figure 3b, as pointed out by the arrow, may be
from a small crystal in a different crystal orientation, which
can be indexed as Al {200} reflection.

The nature of the Al columnar grain can be seen
more clearly in Figure 3c from a thinner region of the
TEM sample, and the SADP from this region is similar to
Figure 3b. Figure 3d is the corresponding dark-field im-

Figure 3. TEM characterization of the Al film grown on a buffer layer of biaxially textured CaF2 nanostructures. (a) Cross
section TEM image, showing the film structure. (b) Corresponding SADP of (a). (c) Bright-field and (d) dark-field TEM im-
ages, indicating the columnar grain structure in the Al film. (e) Plane view TEM image with the inset of the corresponding
SADP.
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age. From Figure 3c,d, the width of the column is esti-
mated to be several hundred nanometers, significantly
larger than the width of a single pyramidal CaF2 cap. For
example, the Al columnar grain near the center of Fig-
ure 3c,d is �500 nm, and the CaF2 cap under it is �150
nm. The width of the Al columnar grain is thus almost
three times that of the CaF2 pyramidal caps. It can also
be seen that there are many more boundaries in the
first 200 nm thickness of Al immediately above the CaF2

capping layer. By inheriting the crystallographic tex-
tures from the biaxial CaF2 film, most of these bound-
aries of the Al film are small angle grain boundaries and
many of them have disappeared as the Al film grows
thicker.

Figure 3e is the plane view bright-field TEM image
and the corresponding SADP. The relatively smaller Al
grain size is because this region is close to the Al/CaF2

interface, since the top part of the Al film has been
milled away during the ion milling process of TEM
sample preparation. We did Kikuchi diffraction analysis
on a number of grains in the image. Since Kikuchi dif-
fraction shows the three-dimensional inverse space of
the crystal, it can tell the crystallographic orientation
and orientation relationship among the analyzed
grains. We found that the out-of-plane orientation is
confined to an angle of �5°; however, the in-plane ori-
entation can rotate as large as �15°. This analysis is in
agreement with the estimation according to XRD pole
figures as aforementioned. The in-plane rotation can
also be seen from the SADP inset in Figure 3e, where
the {220} diffractions appear as short arcs instead of
spots. However, a number of small angle grain bound-
aries with less than 5° orientation difference were still
identified, as pointed by the arrows in Figure 3e. The
rest of the grain boundaries analyzed have an angle of
�10°.

The exposed surface plane for Al nucleation on the
CaF2 inverted pyramids can be either {111} or {110}.17

A plane view SEM image of such CaF2 pyramids and the
corresponding schematic indicating the surface planes
are shown in Figure 4a. Figure 4b is a schematic illus-
trating the cross section view of the structure for Al
growth on CaF2. At locations 1 and 2, the CaF2 surface
planes for Al nucleation should be close to {111}
and{110}, respectively, while at location 3, where usu-
ally a CaF2 island is located, there is no specific plane for
the exposed surface. High-resolution TEM imaging was
carried out to study the Al/CaF2 interface at these differ-
ent locations. As shown in Figure 4c, Al can readily
have A-type epitaxial growth on CaF2, despite their
�25% lattice mismatch and the type of exposed sur-
face. In the image from location 1, the {11̄1} planes of
Al and CaF2 are highlighted by parallel lines. We can see
clearly the 4Al � 3CaF2

matches in these planes. The invis-
ible CaF2 lattice in the high-resolution image from loca-
tion 3 is due to electron irradiation during imaging, as
CaF2 is sensitive under a 200 keV electron beam.26,27

On the basis of the general epitaxial requirements,
this biaxial Al film actually provides new opportunities
to further prepare other biaxially textured films of ma-
terials whose lattice parameters are close to cubic Al,
such as Cu, Ni, and Cr.28�30 Furthermore, the Al film has
been widely used in metal-induced crystallization of sili-
con and germanium for which the crystallization tem-
peratures can be dramatically reduced. The biaxial alu-
minum films being used as the substrate for metal-
induced crystallization can give new insights on the
crystallization mechanisms and therefore pave the way
for the preparation of these semiconductor films with
preferred crystallographic orientations at low
temperatures.

Figure 5 shows an example of Si crystallization on bi-
axially textured Al film. The Al layer (�100 nm) and Si
layer (�400 nm) were sequentially deposited on a sub-
strate of biaxially textured CaF2 nanostructures. There
was no intentional substrate heating during deposi-
tions; therefore, the as-deposited Al layer was biaxially
textured as that in the CaF2 film substrate, while the as-
deposited Si layer was still amorphous. The sample
was then annealed at 500 °C for 1 h, which resulted in
the crystallization of amorphous Si. From the cross sec-
tion TEM image of this annealed film and energy-
dispersive X-ray (EDX) compositional analysis in Figure
5, we can see that the layers stacking from the bottom
up are CaF2 nanorods, CaF2 capping layer, crystallized Si
layer, and the layer of Al and Si mixture. The layers
were confirmed through morphology, diffraction, and
compositional analysis. Figure 5b,c are typical EDX spec-

Figure 4. High-resolution TEM images of the Al/CaF2 inter-
face. (a) Top view SEM image of typical morphology of CaF2

surface and the corresponding schematic illustrating the sur-
face planes. (b) Schematic of Al on CaF2 nanostructure illus-
trating the different interfacial locations for Al to nucleate.
(c) High-resolution TEM images from the locations indicated
in (b).

A
RT

IC
LE

VOL. 4 ▪ NO. 10 ▪ LI ET AL. www.acsnano.org5630



tra from the crystallized Si layer and the layer of Al and
Si mixture, respectively. The Al content in the crystal-
lized Si layer is less than 1% according to this analysis.
Here, it is interesting to note that the 100 nm Al biaxial
layer has been replaced by the crystalline Si layer upon
thermal annealing. Most importantly, this Si layer is
nearly single crystalline across the 4 �m analysis re-
gion. The formation of the near single-crystalline Si layer
after crystallization suggests that there is a specific crys-
tallographic orientation relationship between Al and Si
during their layer exchange and the crystallization pro-
cess of amorphous Si. While more research is needed to
understand this exceptional crystallization mechanism,
this current work has already exhibited a potential for
the fabrication of Si thin film devices on glass. What’s
more, the understanding of the mechanism may pro-
vide insight to further reduce the crystallization temper-
ature, making it possible to fabricate crystalline Si film
on flexible substrates, like polymers, with stability tem-
perature lower than 350 °C.

CONCLUSIONS
A biaxially textured Al film has been obtained on

glass substrate with biaxially textured CaF2 nanostruc-

tures as the buffer layer. The formation of biaxial texture

in the Al film was through direct epitaxy on the facets

of CaF2 nanocrystals. The room temperature heteroepi-

taxy of Al film on biaxially textured CaF2 nanostructures

has been characterized using high-resolution TEM,

XRD, and SEM techniques. The grain size of Al increases

with the film thickness, which was observed to be sev-

eral hundred nanometers in an 800 nm thick film. We

suggest that this strategy can be possibly adopted to

grow other types of biaxial metal films for applications

that require fine quality crystalline metals to achieve de-

sirable properties. Furthermore, the biaxial Al film itself

can be utilized as a substrate to further grow biaxial ma-

terials, particularly the biaxial semiconductors. An ex-

ample of such application on the preparation of a

single-crystalline Si layer is demonstrated.

EXPERIMENTAL SECTION
CaF2 layers were thermally evaporated onto glass substrates

in a chamber with vacuum level in 10�7 Torr. Al and Si layers
were ebeam evaporated in a chamber with vacuum level in 10�7

Torr. XRD and pole figure analysis was carried out in a Bruker
D8 Discover diffractometer (Cu target, wavelength 	 0.15405
nm) using an area detector. Field emission scanning electron
microscopy (Carl Zeiss Supra SEM 1550) was used for morpho-
logical observations. TEM was carried out in JEOL 2010 200 kV
TEM. The TEM samples were prepared through conventional

methods. For cross section samples, the steps included the fol-
lowing: (a) cut the sample into �2 mm � 3 mm slots; (b) then
glue two sample slots together with film sides face to face using
epoxy; (c) mechanically grind the bulk across the interface until
�10 �m thick material is left, and use a Cu aperture grid to rein-
force this foil for easy handling; (d) ion mill until electron trans-
parency. For plane view TEM samples, the steps were to (a) cut
the sample into �3 mm � 3 mm slots; (b) mechanically grind the
sample from substrate side until �10 �m, use a Cu aperture
grid to reinforce the foil; (c) ion mill from the substrate side,

Figure 5. TEM image and compositional analysis, showing a near single-crystalline Si layer formed by crystallization of
amorphous Si upon thermal annealing at 500 °C and using biaxially textured Al film as intermediate layer. (a) Cross section
TEM image of the film structure after annealing. (b) EDX from the layer immediately above CaF2 layer in (a), indicating that
this layer is nearly pure Si, and therefore, the intermediate layer of Al has been replaced by Si after crystallization. (c) EDX
from the topmost layer in (a), indicating the layer is a mixture of Al and Si.
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maintaining a weak ion beam to mill the film side in order to re-
move the material redeposited, until electron transparency.
EDX compositional analysis was processed in an Oxford instru-
ment that attached to the TEM column.
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